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Abstract 

Photon structure derives from quantum fluctuation in quantum field theory to fermion and 
anti-fermion, and has been an experimentally established feature of electrodynamics since 
the discovery of the positron. In hadronic physics, the observation of factorisable photon 
structure is similarly a fundamental test of the quantum field theory Quantum Chromody- 
namics (QCD). An overview of measurements of hadronic photon structure in e~*~e~ and 
ep interactions is presented, and comparison made with theoretical expectation, drawing on 
the essential features of photon fluctuation into quark and anti-quark in QCD. 
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1 Introduction 



1.1 Historical Context 

The structure of the proton, the simplest atomic nucleus and thereby the simplest piece of matter 
that we have readily available, has for decades been central to the development of our under- 
standing of the universe. Following the experimental principles first established with the birth 
of nuclear physics and Rutherford's classic experiment with a— particles \^, an understanding 
now exists of the structure of matter in terms of the fundamental building blocks, quarks (g) 
and gluons (g), or collectively partons. In particular a proton has structure built from three 
(valence) constituents of different flavour, 2 up-quarks (u) and one down-quark (d), and their 
associated flavour singlet sea [@]. This structure is maintained because the fermions, the quarks, 
have "colour" and interact with each other in a manner described by a non-abelian vector field 
theory. Quantum Chromodynamics (QCD) [|3|], in which the spin-1 field quanta are the gluons. 
The gluons also have colour. Unlike atoms and molecules, the masses of hadrons are much 
greater than the masses of all of their constituents, so that the dynamic equilibrium of valence 
quarks and sea quarks making up this structure is necessarily relativistic, and any "snapshot" of 
proton structure also reveals a substantial density of field quanta, gluons [Q]. 

Structure is probed by means of scattering experiments in which the distance scale which 
is resolved is specified by the energy and momentum transfers in the interaction. In terms of 
a Lorentz 4— momentum q describing these energy and momentum transfers, the characteristic 
temporal and spatial resolutions follow from the Heisenberg Uncertainty Principle, and are 1/go 
and 1/1 q| respectively]]. This principle, which is manifest in the Fourier Transform relationship 
between the functions describing the structure being probed and the scattering angular distribu- 
tion, underpins the ethos of most of High Energy Physics. New levels of structure in matter and 
interactions have characterised each major step forward. At each step it has been possible to 
establish an understanding in terms of a Quantum Field Theory (QFT), such as QCD, or to unify 
previous observations, such as Quantum Electrodynamics (QED) and weak (/5— decay) interac- 
tions, into a single QFT, Electroweak Theory with massive gauge bosons W and Z alongside 
the massless photon (7), leptons e, fi and r, and quarks of different flavour. The role therefore 
of QFT in our understanding of the structure of matter is seminal, and interpretation of results 
in hadron physics and hadronic structure in terms of QCD is nowadays automatic. 



1.2 Structure due to Quantum Fluctuation 

In any QFT, the existence of interactions means also that the quanta themselves have structure. 
This structure derives from the fact that the mutual coupling between field quanta will make 
possible fluctuation, or splitting, of any quantum over a limited time/distance into two (or more 
in higher order) quanta (figure |l]). For example in QED a photon can fluctuate for a short time 
into an electron-positron (e+e~) pair or an electron can fluctuate into an electron and a photon 

(7)- 

'in this paper rational units in which h = c = 1 are used except where doing so obscures understanding; thus 
here the Heisenberg Uncertainty Relations read AEAT ~ 1 and ApAx ^ 1. Also the 4— momentum metric 
Q — {qo, q) and q'^ ~ Qq — q^ is taken. As a numerical rule of thumb Ap(MeV)Aa;(fm) ^ 200 MeV fm. 
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Figure 1 : Schematic diagrams illustrating the simplest fluctuation, or splitting, of quanta in Quantum Field 
Theory; in Quantum Electrodynamics (QED) a photon (real or virtual) can split into electron and positron, or 
muon and anti-muon, or tau and anti-tau; in Quantum Flavour Dynamics (QFD) the pak could also be W^ and 
W~ —bosons or quark and anti-quark; the variable t specifies the space-Uke invariant mass squared of the off-shell 
splitting product and the variable y specifies the "inelasticity" (see text) of the splitting; fluctuations in Quantum 
Chromodynamics (QCD): b) quark-antiquark, and c) gluon-gluon, pair production by a single gluon, and d) quark 
"Bremsstrahlung" to quark and gluon. 



In Lorentz covariant terms, one or more of the quanta into which fluctuation occurs are 
"virtual" and therefore "off-mas s-shell", or just "off-shell". In QCD/QED, the probability of 
a fluctuation is proportional to I /{nil ~ ^) where t = pi = [jp — p'Y is the space-like mass 
squared of the off-shell quantum and mg is its on-shell mass (figure |I]a). Both time orderings, 
the emission of a quantum and absorption of a quantum, are of course included in this covari- 
ant probability. However in a Lorentz frame where the 3— momentum of the parent becomes 
large, the expression l/{ml — t) is dominated by the term arising from emission. This high mo- 
mentum limit is often described as the "light-cone limit" because the space-like 4— momenta 
tend towards the light cone as masses and transverse momenta become small relative to the 
parent 3— momentum, or more loosely it is referred to as the picture in the "infinite momentum 
frame" [|]. 

One of the consequences of this "fluctuation-driven structure" is that the definition of a 
quantum in an interaction is arbitrary because the view one has of it depends on the spatial pre- 
cision, that is momentum transfer scale, available. Thus probing fluctuation-driven structure 
by means of a scattering experiment will continue to reveal new detail with increasing spatial 
resolution, until there is a breakdown of the theory and a discovery! Furthermore, the conse- 
quences of unresolved quantum structure because of inadequate spatial precision are that the 
coupling and mass of the quantum are observed to vary with the momentum transfer scale of 
the interaction. This "renormalisation", as it is called, was first observed for QED in precision 
measurements by Lamb and Retherford of the r.f. spectroscopy of atomic hydrogen [|[]. Nowa- 
days renormalisation forms the basis of probing the Standard Model in e+e^ physics at LEP at 
CERN, Geneva, and is manifest most dramatically in the form of "running coupling constants" 
in QFT. The most well known of these is the QCD, or strong, coupling constant as{q^) which 
decreases with increasing momentum transfer squared scale Q^ = —q^. Thereby QCD is an 
"asymptotically free" theory in which the short distance interactions of quarks and gluons are 
weak (as small when Q"^ = — g^ large) but the long distance interactions are strong (as large 
when g2 small) [|]. 



1.3 Kinematics of Structure 

The kinematics of structure in terms of quantum splitting of a parent particle into two product 
particles, be it in terms of a QFT or arising in the specification of the structure of the parent, is 
relatively straightforward. Two (Lorentz covariant) variablesj^ are chosen. To at least one of the 
products is assigned an off-shell, space-like invariant mass squared 

t = {p-pT (1) 

so that energy and momentum are conserved even when the other product particle and the 
parent particle are masslessQ. Here p is the parent 4— momentum and p' is the on-shell product 
4— momentum (figure |I]), for purposes here taken to be timelike and massless, (p')"^ = and 
p'q = \p'\. The second variable is chosen to be the Lorentz invariant combination 

ip-p')y , p'y ,^, 

y = 77 — = 1 77 (2) 

p.V p.V 

where V is any 4— vector used to specify the Lorentz frame in which y is to be evaluated. Given 
that the splitting is observed as part of an interaction of the parent particle with another particle, 
V is taken naturally to be the 4— vector of the other particle in the chosen frame. 

Experimentally the two variables which naturally specify the kinematics are transverse mo- 
mentum pt and longitudinal momentum p'^ of the on-shell splitting product, defined with re- 
spect to the parent's momentum vector as the z— axis. In a high energy interaction it is advan- 
tageous to work with rapidity[] i], rather than p'^. Physical insight into t and y, in terms of their 
relationship to the measureds px and 1], depends on the Lorentz frame of reference. Because 
one here considers the structure of particles, photons, which can be on the light cone, the ap- 
propriate frame is that in which the parent has very large 3— momentum p (Feynman's "infinite 
momentum frame" for the parent) such that Pz defines the 2;— axis and one can work to leading 
order in p^/Pq. Then 

Ar] = A\n{l-y). (3) 

and a change of y specifies a change of the rapidity of the on-shell splitting product. Also 

t = yp'- -^ (4) 

1-2/ 

in which one can see the extent to which the 4— momentum squared t is manifest, or not, in 
the transverse 3— momentum squared p\. of the splitting. In this frame equation ^ can now be 
written 

?/ ^ 1 - ^, (5) 



^Here the possibility of spin polarisation and the need to specify azimuthal angle is explicitely ignored. 

"^In principle one or both of the products of the splitting can be off mass shell, but the probabihty for the latter 
to happen is low and only rarely of importance. 

^To avoid confusion caused by the danger of a plethora of variables termed j/, rapidity is here written r\ and 
not its more traditional y. For a particle of energy E, mass m and z— component of momentum P^ rapidity 
77 = i In g^p- = In f^J"' 2 ■ Note also that often ^ = —\ hi tan | is taken to denote pseudo-rapidity where 

9 — arctan ^ is the polar angle of the particle. Rapidity tends to pseudo-rapidity as the particle becomes 
relativistic. 
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and, to an accuracy which ignores terms 0(-^) + 0{^),y and 1 — y are now seen to specify 
the fraction of the parent momentum (or equivalently in this limit parent energy) carried by the 
products. 

Thus the kinematics of quantum splitting are specified with the variables transverse momen- 
tum pt and rapidity 7] of the on-shell quantum. These variables are related to the virtuality t 
and inelasticity y respectively of the off-shell quantum. Thereby they specify the transverse 
and longitudinal characteristics of the splitting. 



1.4 The Spatial Extent of fluctuation-driven Structure 

The spatial extent of quantum fluctuation depends on the energy/momentum imbalance ob- 
served in a particular Lorentz frame and what can be tolerated by the Heisenberg Uncertainty 
Principle. The most intuitive insight is again obtained by continuing in the high momentum 
limit of the parent quantum. 

The "lifetime" r of a fluctuation is specified by the energy imbalance AE when all particles 
are on-shell. Using equation |5| and the notation in figure |I], straightforward evaluation gives 

AE = po(0) - po - [PeoimD - p,o] ^ "^^ + VP' - t 



Here po(0) and peo{ml) are the energies of the off-shell quanta with 3— momenta p and p^ 
evaluated with on-shell mass squareds (rather than p'^) and ml (rather than t) respectively. As 



long as 2ypeo ^ v "^e + VP'^ ~ t, AE is small and the temporal dimension of the fluctuation 
(r ~ l/AE) is dilated and therefore large. The probe, whose time-base (1/go) is easily fixed 
to be much shorter than r, thus takes a "snapshot" of the structure, and the fluctuation lives for 
much longer than any typical interaction time. Therefore it becomes possible to think in terms of 
the interaction of the fluctuation rather than of the parent quantum itself. Given the near light- 
cone velocity of the parent, it is useful to quantify this in terms of a length (/3 = \pJ/peo ~ 1) 

Az = 



ml —t — yp^ 



of the quantum fluctuation. This is known as the loffe length (or time) [0]; in the literature it is 
quoted for an on-shell parent {p^ = 0). 

The loffe length should not be confused with the longitudinal dimension of the fluctuation. 
The parton model picture of a hadron in the infinite momentum frame has nearly all its size 
manifest in the dimensions perpendicular to the direction of its high momentum. Fluctuation- 
driven structure is similarly Lorentz contracted. 

The transverse dimension arises because of the pr in the fluctuation and the degree to which 
the splitting quanta separate as the loffe time elapses. Writing equation ^ in terms of the angle 
of the on-shell fluctuation product 9 using p"^ = (Po)^^^ = (1 — y^plO"^ in the small angle 
approximation appropriate for a high momentum frame, then 




Immediately the transverse dimension is estimated to be 



Ax ^ ^^p^" . e = ^^ . yyp '^ = ^y . '^-^' (6) 

m\ + yjP' — t a/1 — y ml + yp^ — t -^1 — y ml — f 

where the variable t' = t — yp^ is introduced as the extent to which |t| exceeds its minimum 
value |tmin| = \yp'^\ (equation^. When \t'\ is much larger than both the on-shell mass squared 
TTig and the virtuality of the parent \yp'^\, the transverse dimension is 

Ax 



When \t'\ is small relative to m^ or \yp'^\. 



^y 1 .^-.2^^, 2,x _ A^^O / y 1 /™2 // , 2, 



Ax^—=^= — ("ig > |yp I) or Ax ^2./-^^— (m; <^ \yp^\) (7) 

y/l-ym^ \j 1-yP 

and the transverse dimension is set by the larger of the two. 



1.5 Manifestation of Structure in Interactions 

1.5.1 Formalism 

A simple way to observe the effects of structure is to probe in a scattering experiment with a 
particle which is "point-like" [0, for example with a fundamental quantum like the electron 
(figure ^), acknowledging the theme of this paper that such a probe will also have structure 
which can in certain circumstances complicate matters (see below). The target of mass squared 
p'^ = — P^ is probed at 4— momentum transfer squared scale g^ = —Q'^ which is appropriate to 
resolve any structure in it and which inevitably causes the break-up, that is fragmentation, of it. 
Such experiments are known collectively as "deep-inelastic scattering" or DIS. 

The well established formalism of "structure functions" is used, into which all unknowns 
associated with the putative structure are lumped together (the "blob" in figure ^). The cross- 
section is written^ SBi] 

d^- '^"'-{l-y+ „,^,t ^,,A F..(..Q^) (8) 



dxdQ2 xQ'^ ' ^ 2[1 + P(x,g2)] 

in terms of two structure functions F2{x, Q^) and R{x, Q"^). R{x, Q^) is strictly speaking the 
ratio of a second structure function to F2 (x, Q^) . Two are necessary because the exchanged pho- 
ton (figure l^a) is off-shell and can therefore be either transverse (T, helicity ±1) or longitudinal 
(L, helicity 0). The cross-section ^^^^2 is specified almost entirely by F2 unless measurements 

^A framework for deep-inelastic scattering of an electron off a target is assumed in which only virtual photon, 
and not massive Z and W, exchange is considered. As written equation is also applicable only to a spin— ^ 
point-like probe interacting with an unpolarised target with 2 spin degrees of freedom (proton with helicity ±1/2, 
real photon with helicity ±1). For virtual photons with helicity ±1, and space-like mass squared things are a 
little more complicated [0-O]. 
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Figure 2: a) Schematic diagram illustrating how in an interaction the structure of a particle (here a photon 
7) is probed with a "point-like" particle (electron e); the scale of the probe is characterised by the 4— momentum 
transfer squared i—Q^) in the process which is the virtuality of the "exchanged" virtual photon; the "struck" parton 
(quark q) has an inelasticity x with respect to its parent 7; b) Feynman diagram illustrating the mechanism which 
can account for the interaction of an electron with a particle with hadronic structure (here a proton 4— momentum 
p): a "ladder" of "partons", in this case the quanta of the QFT, quarks q and gluons g of QCD with inelasticity 
(fractional momenta) variables x^/p and Xj/^, forms the basis of the interaction dynamics; the association of the 
partons in the ladder with the structure of the proton or with the photon is arbitrary, requiring a priori assumption 
concerning transverse momentum Pt and and rapidity rj relative to that of the parent photon or proton. 



are made at large y. In equation || y is the inelasticity (equation ^ and Q"^ is the virtuality (equa- 
tion |I[) of the QED splitting at the electron-photon vertex. In terms of the energies E and E' 
and direction (polar angle 0) of the incident and scattered (massless) electrons in the laboratory 
frame, which does not approximate to the "infinite momentum frame", y and Q^ are given by 



y = l 



E' + E'cose 

E 



and 



Q' = -e 



E' 
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(9) 



The variable x (Bjorken— x) is the inelasticity of the "struck" parton with respect to its 
parent, by definition a quark because it must couple to the photon (figure ^). From the rela- 
tivistically covariant formulation of inelasticity (equation |^) and its interpretation in the infinite 
momentum frame of the parent (equation |]), it is identified as the fraction of the parent (target) 
momentum carried by the struck parton in this frame. The struck parton is assumed to have 
small virtuality |t| in the target splitting. It can be expressed in terms of invariants as follows 
(following the notation in figure ^), 



X 



Pg.q _Q^-t 



Q' 



p.q 



2q.p Q-^ + W^ + P2 



(10) 



where W specifies the invariant mass of the system of final state particles other than the scattered 
point-like probe e, and the mass squared of the target is p'^ = — P^. 

If we assign ft/rix, Q'^) to describe the probability of finding a quark of species i with 
inelasticity x in the target T when probed at scale Q^, then comparison of equation |S| with the 
expression for the elastic scattering of e with a spin— ^ quark requires 

F2(x,g2) = ^e,V./T(x,Q'). (11) 

i 

Thus, in the "infinite momentum frame" the structure function F2 can be thought of as the 
"momentum weighted" probability of finding the partons (quarks with charges Cj) in the target. 
The fi/T describe the splitting of the probed structure into remnant and one parton i. They 
are the quantities which specify precisely the structure of the target. In general one could also 
take the /j/^ to be functions of the virtuality |t| of the partons, but to good approximation this 
is not necessary if the structure being probed is that of a hadron. Only if the target is point- 
like and itself a parton, so that any structure arises from quantum fluctuation, is it possible 
to contemplate calculating the fi/r, and thereby F2, in a perturbative manner in terms of the 
"splitting functions" Vi/T of the appropriate QFT. Then the dependence on virtuality |t| of 
the partons must be included (see below). In the case of hadronic structure due to fluctuation 
(figures [l]b, [l]c and |l]d), the calculations of course use QCD. In general the xfi/x are referred to 
as "parton density functions" (pdf). 



1.5.2 Structure, Dynamics, and Factorisation 

However, following Gribov et al. [[T^], any further consideration of the nature of a high energy 
interaction leads quickly to the realisation that the distinction between what is interpreted as 
structure and what is interpreted as interaction dynamics is not clear cut. This is obvious even 
in the case where one of the interacting particles is point-like, such as in ep DIS, if one con- 
siders any sort of realistic Feynman diagram as in figure]^). The possibility of a complicated 
interaction mechanism involving many field quanta amply demonstrates that there is no unique 
association of structure either with the fundamental, and therefore point-like, photon or with 
the target with "valence-structure". Where one associates emitted "partons", that is the QCD 
quark q and gluon g field quanta, with the structure of either the photon or the target, or with 
the consequences of the interaction dynamics, is arbitrary with no further a priori assumptions. 
This does not mean that the formalism in equation |^ is incorrect, only that the interpretation of 
the results encapsulated in F2 as those describing a universal proton structure may well run into 
difficulties without further definition. 

Thus in practice in any high energy interaction, the distinction between structure and inter- 
action is at a quoted "factorisation scale". This is a momentum transfer squared scale below 
which any parton activity is considered to be part of the parent structure and above which any 
parton activity is considered to be part of the interaction dynamics. Thus the factorisation scale 
corresponds in any process to the scale at which structure is probed. In ep DIS (figure ^, the 
factorisation scale is clearly Q^ - this is reasonable because Q^ is almost always the largest mo- 
mentum transfer squared scale in the DIS interaction, and so it is self-evident that all "hadron 



activity" at lower momentum transfer should be associated with target structure. It is with this 
in mind that one resolves the conundrum in the first sentence of this section. 

There is however the possibility that interactions take place in which some partons are pro- 
duced with a larger transverse momentum squared P^ than Q'^. There will thereby be partons 
of lower P^ which have rapidities closer to either the photon or the target (figure |^) and which 
therefore carry larger fractions Xj/^ and xi/p of the interacting photon and proton momenta re- 
spectively!] (equation ^. These are naturally associated with structure in the probe photon and 
the target respectively (figure 0), and the factorisation scale is then taken to be P^. 

Any structure function is thus dependent on the choice of factorisation scale. It is found that 
structure functions for hadrons with intrinsic spatial extent, which are specified in terms of the 
X— dependences of each parton species (equation [11]) at a chosen momentum transfer scale for 
factorisation, can be used universally in any high energy interaction at that scale [|T3p. In the 
same way, and with the picture of point-like structure in QFT described above in mind, it is 
also to be expected that photon structure will be similarly universal and factorisable. 



2 Photon Structure 



2.1 QED Photon Structure 

The first measurements which probed the point-like structure of the photon can be traced back 
to experiments at the time of the discovery of the positron. By making measurements of the 
absorption of X— rays in matter, Tarrant [ [T4l ] and Chao [ [T5| ] first demonstrated anomalously 
high absorption for X— rays with energy above about 1 MeV. There followed the classic exper- 



iment of Anderson and Neddermeyer [16] which demonstrated that this was attributable to the 



conversion of the X— rays into positrons e'^ and electrons e . Subsequently Oppenheimer and 



Plesset [ [T7[ ] showed that the results were consistent with a process in which the X— ray photon 
split into e+e in the electromagnetic field of the atoms in the absorber. Armed with the first 
formulation of QED, Bethe and Heitler then made the first precision calculation of the cross- 
section [ [Tsll . Figure l^a) illustrates the process, and demonstrates how it can thus be thought of 
as the nucleus A probing the QED structure due to fluctuation of the X— ray photon. 

The most notable features of the cross-section for the e+e" pair production process are that 
the dependence of the cross-section, through the splitting function Ve/j, on the inelasticity vari- 
able X = ^ _^^ , is slowly varying (figure ^), and that there is a slow logarithmic dependence 
on X— ray energy, namely 

Pe/^ix, Wl) = e^-{[x2 + (1 - x)2] In ^ + 8x(l - x) - 1} (12) 

IT rftg 

where e and (here) uie are the charge and mass of the electron. Wee is the invariant mass of 
the e^e~ system, and a is the fine structure constant. The logarithmic dependence arises from 

^Here the infinite momentum frame view is implicit, and additional covariant "fractional momentum" variables 
^i/T — ^^ ^nd x,/^ — 2^ are introduced specifying the momentum of parton i as a fraction of the momentum 
of the parents T and 7 when the latter have large momenta. 
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Figure 3: a) Diagram illustrating e+e" pair conversion of an X— ray photon of energy greater than threshold 
2moC^ ^ 1 MeV {mo is the electron mass); the splitting of the photon is probed by the field of the nearby atomic 
nucleus such that the off-shell e^ with space-like mass squared t absorbs energy and emerges on-shell together 
with the e^; b) calculation of the splitting function Ve/y where the inelasticity variable x = ^ _^^ is here taken 



as the ratio of the kinetic energy of the positron to the total available; Ve/^ is slowly varying between its limiting 
values of zero at x = and x — 1 also visible is the slow (logarithmic) dependence of T'g/^ on X— ray energy; the 
slightly different results (continuous and dashed) for the different nuclei Al and Pb are due to the different atomic 
electron configurations of each. 



the need when calculating Ve/y to integrate the splitting probability (proportional to I /{ml — 
t); section [L2|) over the space-like mass squared t of the off-shell electron/positron in the 
photon splitting (figure |]a). In the measurement the inelasticity x of the positron constituent is 
determined directly from the ratio of kinetic energy of the positron to the total available kinetic 
energy, that is the laboratory is to good approximation the "infinite momentum frame" of the 
parent photon - equation ^. In terms of the nucleus probing the QED structure of the photon, 
the probe scale is P^ > 1 MeV^ which amounts to spatial resolution of ~ 200 fm. This is many 
times the size of the nucleus, which therefore acts like a point-like probe of QED on a scale of 
atomic dimension (1 A = 10^ fm). Using equation |^ and remembering that the cross section 
integrates over the space-like mass squared t of the off-shell electron, the dimension of the 
structure of the photon is characterised by a scale which is the mass of the electron or less, 
namely ~ 0.5 MeV or ~ 400 fm, so that the QED structure of the photon is not here probed in 
great detail. 

Similarly beautiful measurements continue to this day to probe QED pair conversion, and 
thus the QED structure of the photon, at much shorter distances. In high energy e+e colliders 
interactions of the type ee — > ee/i"'"/i~, in which an electron or positron are scattered with 
substantial Q^ and thereby probe the remainder of the interaction, can be used to probe photon 
conversion to two muons. The electron or positron which scatters with high Q^ replaces the 
atomic nucleus as probe in figure |^a). The "target" photon is constrained to be almost real 
(virtuality P^ ~ 0) by requiring the second electron/positron to scatter through very small 



angles (equation ^, usually such that it stays undetected inside the beam pipe of the e"'"e~ 
collider. The data are analysed in terms of a structure function F^q^j-, (equation |8| for 67 — * 
efx^H^), for which the expressions (mg is here the electron rest mass) 

due to electron splitting e ^ ej* in QED (figure [l]d) with quark replaced by electron and 
gluon replaced by photon), or close approximations to them, are used to specify the target flux 
of photons [|T0|]. The struck muon inelasticity is here Bjorken— x which is determined this 
time from an accurate measurement of the yU+yU^ invariant mass VF^^ and equation |1^ with 



Theoretical expectation requires only one flavour of "constituent", the fi, whose pdf f^/^ (x, Q'^) 
is calculable with the QED splitting function P^/^ for 7 -^ n~^n~ (equation [T^). Thus the mo- 
mentum weighted splitting function xVf_,/^ = xfi_,/y, and using eq uation [TT] F^q p, „ is expected 
to rise approximately linearly away from the extreme values of x according to 

a W^ 

F2QED = xf,/,{x, Q^) = xV,/,{x, Q2) = e^-{x[{x^ + (1 - x)^] In ^^ + 8x^(1 - x) - x}. 

The results [ [T9| ] in figure ^thereby constitute a beautiful update of the original measurements of 
X— ray pair production, but now for a QED fluctuation of the photon of dimension characterised 
by the mass of the muon (equation ||), namely 0.1 GeV or ~ 2 fm, with a probe of scale Q"^, 
that is with precision about 0.07 fm. 



2.2 Hadronic Photon Structure 

2.2.1 Principles 

The principles underlying the way in which the QED structure of the photon is measured above 
extend in a straightforward way to the hadronic structure of the photon. The process ee — > eeX, 
in which X is the inclusive set of all hadronic final states kinematically accessible, can be 
analysed in terms of the process 67 -^ eX. The e, which scatters with the larger Q^, probes 
the hadronic structure of the photon 7, which couples to the other e with lower 4— momentum 
squared p^ = — P^ (figure ^). Measurements of a structure function -F7(x, Q"^) are possible 
for a range of values of target virtuality P^ by analysing the data in the framework of the 
usual structure function (equation H and footnote ^. There are some further complications of a 
technical nature arising because of the incomplete acceptance of experiments for the detection 
of all the hadronic final state of mass W, and thereby the kinematic reconstruction of Bjorken— x 



with equation IC [20,21]. 
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2.2.2 The Hadronic Photon Structure Function K 

The main features of measurements of hadronic photon structure are visible in early results 
(figure H) at the PETRA e+e storage ring [^ of the structure function F2' of the real photon 
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Figure 4: Measurement of the structure function F^q^d of the photon in the QED process 67 — *■ e/i+z/^ by the 
OPAL experiment at LEP; the curves show the expectation for different values of the muon mass m^ and different 
(small) virtualities of the target photon P^ ; the characteristic rising dependence on x arising from the QED splitting 



7- 



/i+/i is obvious, similar to that at much longer distance scale in X— ray pair production (figure 



(P^ = 0). The X dependence is noteworthy in that F2 shows no sign of any decline with 
increasing x, in contrast to the x dependence of the structure function F2 of the proton [^ ^ . 
There is a slowly rising dependence with increasing Q^ for most of the measured x range. 
Bearing in mind what one learns from the QED structure of the photon, both these observations 
are in qualitative accord with the expectation of the hadronic structure of the photon being driven 
by its QFT splitting into fermion anti-fermion, in this case presumably quark and anti-quark 
{qq) in QCD. 

A quantitative understanding of F2 and photon structure in terms of the coupling of quark 
and anti-quark to the photon is complicated in QCD because of the strong coupling {as) in the 
theory. The situation is summarised in figure ^in which are the diagrams involving both gluons 
and quarks which build the hadronic structure of the photon. A simple LO parametrisation in 
terms of Bjorken— a; 



-^2 



3E€ 



a r 2 

x[x 

71 



:i-x) 



1 ^' 



'hadron" = VMD] 



(14) 



can be written down in QCD, in which the factor 3 arises from a summation over quark colour 
and in which the Cq specify the quark charges (in units of electron charge) in the summation 
over quark flavours. It clearly demonstrates the essential features of the QED calculation (equa- 
tion O). The expression is implicitly asymptotic (large logarithm) in that the logarithmic term 
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Figure 5: Measurement of the structure function F^(x, Q^) of the real photon (P^ ~ 0) by the PLUTO experi- 
ment at the PETRA e+e^ storage ring in the process 67 — > eX where X is a hadronic system: a) the Bjorken— x 
dependence at fixed Q^; the contribution due to VMD is marked HAD, the contribution due to charm quark pro- 
duction is marked QPM(c), and the theoretical curves are labelled with different momentum transfer cut-offs A^^; 
b) the Bjorken— a; dependence for three different Q^ showing the slight (approximately logarithmic) increase with 
increasing Q^ of ¥2- 

is in Q2 and not W'^ (Iniy^ = InQ^ + ln(^ - 1) - InP^ ^ InQ^)^ and in that the terms in 
Bjorken— X in equation [T^ which are not multiplied by the logarithm are dropped. Witten p^ ] 
and others [ ^3| ] showed that these remain the leading features of F^ in calculations which can 
be completed at higher order in perturbative QCD (pQCD). In particular, the factorisation of 
the leading x and Q^ dependences in equation |T^ which persist as the leading feature of higher 
order calculations, can be seen to arise in the photon, and not in the proton or other hadron, 
because of the asymptotically free running coupling constant {(Xs) in QCD {as oc 1/ In Q^). 

The scale of the (leading) logarithmic dependence of F^ is taken from a cut-off A^ in 
4— momentum transfer squared. When the virtuality |t| of the struck quark is small (t -^ 0), 
the "box-diagram" and its pQCD additions (figure ^) diverge if the quarks are massless. The 
integration over t in the perturbative calculation of F^ is therefore truncated to be for |t| > 
A^ leaving the remaining incalculable "hadron" piece at low \t\. In the absence to date of 
anything better to do, the "hadron" piece is treated phenomenologically. The view is taken 
that contributions with |i| small (< A^) correspond to long distant QCD {as large) in which the 
original photon splitting is so distorted by effects of multiple gluon emission and absorption that 
the hadronic structure of the photon has the form expected of a vector meson - Vector Meson 
Dominance (VMD) [^ o^ the Vector Dominance Model (VDM). In other words, for |t| < A^ 
the hadronic structure of the photon is due to a soft, that is long range (~ 1 fm), QCD fluctuation 
into vector mesons, the bound states of valence quark and anti-quark (figure P?) [pS]]. 

The curves shown in figure ^ are obtained using a combination of a VMD piece (HAD), 
which is estimated from the expected structure functions of the vector mesons p, uj and and 
which is assumed to exhibit the falling Bjorken— x dependence characteristic of valence-driven 
hadron structure such as the proton [@,|^], added to a NLO pQCD calculation of the "point-like 
pieces" characterised by the cut-off A?^ in box-diagram momentum transfer squared. Such an 
addition is fraught with ambiguity - what is left out in the pQCD calculation and how can we 
be sure that it is added into the "VMD piece"? Or alternatively what "double counting" is there 
when both pieces are included? No-one to this day knows the complete answer. Nevertheless, 
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Figure 6: Some QCD diagrams which contribute to the hadronic structure of the photon of mass squared —P^; 
a) diagrams which can be included in a perturbative QCD calculation involving the addition of gluons to the lowest 
order splitting j ^ qq (called the "box diagram"); these diagrams are often included together under the generic 
term "point-like"; t is the 4— momentum transfer squared, that is the virtuality, of the quark in the "box-diagram"; 
the calulation of the contribution of these diagrams to F^ requires integration of the box-diagram amplitude over 
t, and it generates the leading logarithm contribution ex InQ^; b) schematic diagram illustrating the extreme 
in which the gluon modifications to 7 -^ qq distort the hadronic structure of the photon to the extent that it 
assumes the properties of a bound state hadron, namely (by quantum number conservation) a vector meson - 
this contribution, which is arbitrarily identified with the "hadron", incalculable piece in Witten's calculation (see 
text), is referred to generically as Vector Meson Dominance or VMD or VDM. In the final expression for F2 , the 
LO QCD contribution is written as the sum of two terms such that it is clear that for P^ > A^ only the pQCD 
box-diagram 7*7* -^ qq plus QCD corrections remain. 



the complementary way that the VMD contribution preferentially fills out the low x region, 
flattening the otherwise rising x— dependence of the pQCD contribution, is phenomenologically 
appealing and quantitatively successful. 

Perhaps the most dramatic way in which the fluctuation-driven, structure due to 7 ^ gg and 
the box-diagram shines through the complications of the strong coupling of gluons in QCD is 
to be found in the striking "scaling violations" of the hadronic structure of the photon. Figure]^ 
summarises [ pO| , p6|-|3^] the Q^ dependence of F^ for the real photon - violations of scale 



invariance (scale invariance means no dependence on Q ) are clear and positive in that Fg 
increases with increasing Q"^. The contrast with a hadron with a valence-driven quark structure 
is stark. For Bjorken— x > 0.15 the structure function F2 of the proton decreases with increasing 
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Q'^ following the effects of the possibility of gluon Bremsstrahlung (figure [T]d) from the valence 
quarks [jSj]. A rising dependence of F2 with increasing probe scale Q^ throughout most of the 
range of x is thereby seen to be the characteristic signature of fluctuation-driven (rather than 
"valence driven") structure. 
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Figure 7 : The Q^ dependence of the photon structure function F^ showing a persistent increase with increasing 
Q2 for all Bjorken-x; measurements are from experiments at PETRA (PLUTO), TRISTAN (AMY, TOPAZ) and 
LEP (OPAL, L3,DELPHL ALEPH); the curves are from a fit of Erdmann p6|]. 



Nowadays, as figure ^ shows, measurements of F2 span a wide range of Q^. It is therefore 
possible to take a more generic view of the application of QCD to photon structure much along 



the lines of the fits based on the DGLAP pQCD formalism p3| ] which are applied to measure- 
ments of the proton structure function [0,|1], acknowledging the differences in the fluctuation- 
driven, rather than valence-driven, structure of the photon. As a result, pdfs are available with 
which to build calculations of hard processes involving photons (see section ^3t ), following the 
well tried and tested QCD approach to hard hadron interactions based on the factorisability of 
hadronic structure 



2.2.3 Virtual Photon Structure 

The picture above of photon structure can be further tested by exploiting the experimental con- 
trol possible of the size, that is virtuality P^, of the target photon (figure ^ and section |L2|). In 
the process ee -^ eeX both the "probe" e specifying Q'^ and the target e specifying P^ <^ Q^ 
can be detected and the energy and angle of each electron measured. The evolution of the pic- 
ture above can be followed as one "squeezes" the photon target, that is increases P^ - working 
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in the "infinite momentum frame" of the probe photon, equations ^ and ^ tell us that increas- 
ing P^ inevitably increases |t|, and thereby decreases the spatial extent of the structure of the 
photon. 

Reducing the size of the photon is expected to reduce the contribution to photon hadronic 
structure due to VMD. The light quark (up u, down d, and strange s) vector mesons, p(770), 
u;(780) and 0(1019), dominate this contribution. They have a dimension, characteristic of all 
hadrons, of about 1 fm so that increasing P^ means that there is less overlap between the (now 
increasingly virtual) shrinking photon and the meson wavefunctions. In 4— momentum space, 
the minimum virtuality |t| = |tmin| of the off-shell quark in the fluctuation 7* -^ qq (figure [I]a) 
increases with increasing P^ (equation ^ with px = 0) so that because t 7^ always there is no 
longer any divergence in the integration over it. Once |tmin| exceeds A^, the logarithmic term in 
equation [l^ no longer needs a cut-off A below which the VMD contributes. Instead kinematics 
provides its own cut-off |tmin| = P^ which, as long as it exceeds A^, means that the "hadron" 



piece in equation 14 no longer exists and pQCD provides in principle a complete, and rather 



simple prediction for F] 



fT = 3 E 4-^[^' + (1 - ^f\ ■ In % (15) 



at leading order [ P8| ] 



The results, which are ultimately always statistically limited by e+e^ luminosity because 
the ee -^ eeX cross-section always falls steeply with increasing P^ and Q^, are shown in 
figure |S| [|2^,^7p. Apart from an initial decrease from P^ = 0, there seems to be little dependence 



on P^. The growth of the measured combination of structure functions with Q^ is as expected 



in the factorisable dependence in equation [15 



The degree to which the results in figure [^ are described, or not, by the curves labelled QPM 
summarise how well the features discussed above are consistent with observation. The mea- 
surements are of limited precision, but it is still possible to conclude that, in terms of the VMD 
parametrisation assumed (VDM), there is little or no requirement for VMD for P^ ^ 1 GeV^ 
so that perturbative QCD then provides a description of photon structure. The results extend 
to values of P^ ~ 6 GeV^, which means (equation |^ with ml = 0) that the size of the virtual 
photon is no larger than about -p ~ 0.08 fm. 

It is interesting here to note that the evolution of photon structure with increasing P^ pre- 
sumably corresponds to the evolution with increasing Q"^ of the dipole involved in the picture 
of low— X electron-proton DIS discussed recently by Foster [0]. For in perturbative QCD, both 
can be thought of in terms of the evolution with decreasing transverse dimension of a qq colour 
dipole. 

2.2.4 Summary 

Following in the success of ep DIS and the picture which it gives of proton structure, measure- 
ments of 67 DIS reveal a remarkably clear picture of the hadronic structure of the photon. It 
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Figure 8: Dependence of the combination of photon structure functions measured in ee -^ eeX where both 
photons are off-shell on photon mass^ P^; a) the first results at PETRA and b) new results from LEP at higher Q^ 
and P^; QPM refers to the Quark Parton Model in which the simple QED-like j ^ qq box diagram is calculated 
for fractionally charged quarks; the curve marked VDM is an estimate of the VDM contribution. 



is driven by the possibility of fluctuation into quark and anti-quark. The complications due to 
the strong coupling in QCD do not obscure this picture. These complications can be controlled 
very neatly by varying the size, that is P^, of the photon, thereby also demonstrating how mea- 
surements which simultaneously specify two momentum transfer scales, Q"^ and P^, are more 
amenable to contemporary QCD predictions. A complete calculation in QCD of the hadronic 
structure function F^(x,(5^,P^) remains one of the essential prerequisites before QCD can 
truly be said to be the means of predicting hadronic phenomena. 



2.3 Photon Structure in Hadronic Photoproduction 



2.3.1 Principles 



Following the principles set out in section p3| , it should be possible to resolve and observe pho- 
ton structure in high energy photoproduction and electroproduction processes in which a "hard" 
parton interaction takes place and jets due to parton hadronisation are produced. The principles 
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are outlined in figure ^. By observing the production of jets from the hard parton interaction in 
which the transverse momentum squared P^ is much greater than any other scale in the process, 
including Q^, then the effects of structure in both the proton and the photon should be manifest 
at the probe scale P^. If P^ can be taken as the factorisation scale (section [Ol ), then, given ad- 
equate a priori knowledge of proton structure and the validity of factorisation, photon structure 
(both real and virtual) can be probed with the partons, both quarks and gluons, in the proton. 
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Figure 9: Schematic diagram showing a) direct di-jet photoproduction in which the photon (real or virtual) 
couples directly to quark structure in the target proton, and b) resolved di-jet photoproduction in which the hadronic 
structure of the photon (real or virtual) is probed by a parton (quark or gluon) from the proton in a high— Pt 
partonic subprocess; in a) the probe momentum transfer scale P^ is necessarily carried by the exchange of an 
off-shell quark and all the momentum of the photon participates in the parton process; in b) the probe momentum 
transfer scale P^ is carried by the exchange of an off-shell quark, or an off-shell gluon, and only a fraction x^ of 
the photon participates in the parton process. 



The photoproduction of jets through a hard parton process differs from the production in 
hadron-hadron collisions [R9p in one respect - photon structure is fluctuation-driven and there- 
fore the photon interacts either by means of its direct coupling to partons in the proton, or 
by means of partons in its structure which are resolved in the interaction. The terminology 
of "direct" and "resolved" processes is now established, though theoretically the distinction is 



not clear-cut. For, as explained in section [1^4 fluctuation-driven structure is inherently a part 
of the manifestation of a quantum at some resolution scale so that higher order effects, which 
may not be resolvable but which are of course nevertheless always there, make the distinction 
ambiguous pO]. 



2.3.2 Measurement and Kinematics 

Measurement of di-jet photoproduction requires the highest possible photon-proton interaction 
energy. This is available in electron/positron-proton (ep) collisions when Q^ is much less than 
the mass squared M| for which the effects of electroweak boson (Z°) exchange are significant. 
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Then it is possible to interpret the electroproduction of di-jets {ep -^ jet + jet + X, X being 
remnant particle production) in terms of photoproduction of di-jets for which the photon has 
space-like Q'^ over a wide range. If the factorisation scale P^ exceeds Q"^, the di-jet production 
cross section will be sensitive to photon structure of spatial extent characterised by Q"^. 

The highest energy ep interactions are at the HERA collider at DESY, Hamburg. Di-jet 
production is measured by looking for interactions in which two jets of hadrons are produced, 
each observed as a cluster of energy in a "calorimeter". The jets are required to be produced with 
large "transverse energy" Et relative to the photon-proton direction in their centre-of-mass. 
The variable Et specifies the transverse momentum Pt of the jets, and is so called because it 
specifies energy flow transverse to the photon-proton interaction, and because it is a measure 
ofPr. 

The kinematics is straightforward, though a little more complicated than for DIS. 

The photon is of course specified exactly as for ep DIS by its virtuality Q"^ and its fractional 
momentum (inelasticity) variable y for the incident electron splitting (following the splitting 
equations |l] and ^ in section |O|)0. 



The factorisation scale is taken to be the jet Et- Two inelasticities x^ and Xp, which are re- 
lated to the rapidities r]i and r]2 of each jet (relative to the photon direction) and to Et according 
to (figure pi) 

_Pi-P _ Etc''' + Etc''^ 

and 

_P2.P _ Etc-i^ + Etc-"^^ 

"^^ " ^ " e; 

specify the incoming parton momenta. Here pi and p2 are 4— momenta of the partons from 
the photon and proton structure respectively, and the logarithmic relationship equation ^ clearly 
is the basis of this expression. There are more technical issues concerning the possibility of 
extra jets and interactions between partons in the remnants of the interacting photon and hadron 
which complicate the analysis [P|]. 

2.3.3 Differential Cross Section for Di-jet Production 

The most striking feature of the cross section for di-jet production is the measured dependence 
on Xy (figure |T^ [^. As expected there is a distribution reflecting a mix of direct and resolved 
processes for which there is no perfect separation experimentally. The data shown are taken 
from virtual photon di-jet production for which the range of Q^ is quite large. The dependence 
on x.y is shown for different photon virtuality, that is for different photon size. Direct interactions 
are manifest in the region x^ — i> 1, resolved interactions elsewhere. "Squeezing" the photon 

^What has become a conventional choice of notation can cause confusion here when comparing the role of 
photon structure in high Et photoproduction with the same in deep-inelastic 57* scattering, which is discussed 
in the first part of this paper. In photoproduction the structure of the virtual photon is probed by means of the 
partons in the proton, so that everywhere Q^ specifies the size of the probed photon at factorisation scale E^. In 
deep-inelastic ej* scattering an electron probes a photon with mass squared —P^ with a harder virtual photon at 
a factorisation scale Q^. 
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by going to higher Q^ shows how resolved interactions are only significant when as expected 
E"^ > Q^ and the spatial extent of the photon exceeds the resolution of the probe, just as for 67* 
DIS measurements but now over a much larger range of photon size (section |2.2.3|). 
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Figure 10: Cross section d'^aep/dQ'^dE^dx.y as a function of x^ for different virtual photon mass squared Q^ 
and different probe scale E^ ; direct interactions have x^ ^ 1; virtual photon structure is visible provided the probe 
scale E^ is sufficient to resolve structure within the photon of size ex 1/Q; the predictions HERWIG(LO)/DIR, 
HERWIG(LO)/DG(tJ = 0.1), HERWIG(LO)/DG(w = 0.2) [^], coiTespond to a specific prediction based on a 
model for virtual photon structure; the measurement is by the HI experiment at HERA | 



The di-jet production differential cross section also tends to reveal very beautifully the QCD 
dynamics at work in the process. Figure [11] shows the E^ dependence for different x^ for very 
nearly real photoproduction (Q^ ~ 0) [^]. An evolution is visible from a less to a more steep 
dependence as one moves away from the region a;^ = 1 where direct interactions dominate. In 
direct interactions the full momentum of the photon participates in the hard parton interaction 
so that E^ resides in the exchanged off-shell quark to which the photon must couple, as in 
figure l^a). The parton cross section ^ then follows a -J- dependence (s and t are the centre 
of mass energy squared and 4— momentum transfer squared of the hard parton interaction in 
QCD: in LO s ~ x.yXpW'^ and i ~ E^) which is expected with an off-shell quark propagator, 
so that one observes ~ 1/-E't dependence in the jet cross section. For resolved interactions at 
smaller x^, E^ can reside in either an off-shell quark or an off-shell gluon. Parton cross sec- 



tions with an exchanged gluon follow a 



da 
di 



—TT r\^ —r- 



i_ 

|i|2 



dependence (like Rutherford scattering 



where the virtuality is carried instead by an off-shell photon) in which there is no s depen- 
dence. Therefore at high W'^, and thereby high s, the gluon exchange diagrams prevail, so that 
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resolved processes follow a steeper ~ '^/E^ dependence. Acknowledging also the influence of 
a decreasing kinematic reach in Et with decreasing x^, this tendency is visible in figure [Tl| at 
lower x^. 
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Figure 1 1 : Cross section (i^aep/dE^dx^ for di-jet photoproduction for nearly real photons (Q^ ~ 0) as a func- 
tion of E^ for different x-y ; direct interactions have x^ ^ 1 and require an off-shell quark; resolved interactions are 
predominantly attributable to the exchange of off-shell gluons; the curves shown superimposed use the PYTHIA 
Monte Carlo simulation [H] with GRV LO 1 35 1 pdfs for the photon (dashed), and analytical NLO calculations of 
di-jet cross sections [pt] using GRV HO QCD pdfs (continuous) [^ and GS96 HO QCD pdfs (dotted) [M. 



2.3.4 Extracting Photon Structure 



The dominance of gluon exchange diagrams at high s in resolved processes in jet photoproduc- 
tion can be exploited to extract the contribution of photon structure to the process. Combridge 
and Maxwell pT] ] pointed out that the ubiquity of gluon exchange at large s means that the 
cross section for high— Py jet production could in practice be well approximated in a single 
expression, the single effective sub-process (SES). The procedure was first used in the 1980s in 



high energy pp physics to extract a direct measurement of the gluon density in the proton [48]. 
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Taking a LO view in QCD of di-jet photoproduction, the ep cross section is written 

Z^ Z^ |iW»j(cos& 



*m2 



d|/dx^dxpdcos6'*d(5^ 327rSep ^r^ y -^ x^ Xp 



(16) 



where /^y , fh and /j/p are the pdfs (splitting functions for the photon, and parton densities 
for the proton) for each parton species i in a transverse photon, a longitudinal photon and a 
proton respectively. They are evaluated at the factorisation scale P|. The Mij are QCD matrix 
elements for 2 — > 2 parton-parton hard scattering processes. The quantity s^p is the square of 
the centre of mass energy in the ep collision, and 6* is the polar angle of the outgoing partons 
in the parton-parton centre of mass frame. The fluxes of transverse (T) and longitudinal (L) 
photons are given by equations [T3| but now of course with Q"^ replacing P^ as the virtuality 
(footnote |l)[|ig]. 

In equation |16|, it is not possible from a measurement of just the dijet cross-section to dis- 
entangle the parton pdfs by separating the various parton sub-processes and the sensitivity to 
photon polarisation. To obtain a factorisable expression, a set of polarisation-averaged parton 
densities of the photon are defined as follows: 

where £ ~ 1 is the ratio of longitudinal to transverse photon fluxes, averaged over the y— range 
of the data. The pdfs fh are expected to be small over most of the kinematic range considered 
here (because of the predominance of helicity ±1 coupling in 7 ^ gg splitting) p9|-pTl]. Then 



the SES approximation is used to replace the sum over parton processes by an SES cross-section 
and effective parton densities for the photon and proton. Equation |T^ can now be written to good 
approximation as 



dV 1 f^/eiy^Q^) A(x^,P|,Q2) /p(a;p,P 



^^ 'MsEs(cosr)P 



d?/dx^dxpdcos6'*d(5^ 327rSep y Xj Xp 

where the effective parton densities are 
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nf 



and the summations are over the quark flavours. Note the explicit occurrence of the colour 
factor J to account for gluon scattering as part of the hard parton interaction. 



2.3.5 Photon Structure in Di-Jet Production 

Once extracted from the measured cross sections, with the above assumptions and in the SES 
approximation, the effective parton densities (equation |l7|) constitute an estimate of the pdfs of 
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the photon evaluated in LO QCD. Figure |T^ shows a measurement of the E^ dependence of the 

combination 

1 /v^ „ 9 



FT 
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nf 



which quantifies the structure in LO QCD associated with the real photon, for two different 
ranges of x^ |J4-1[|. It reveals a persistent rise with increasing factorisation scale for both x^ 
ranges which is consistent with that seen in F2 measurements (figure 0), and thereby it demon- 
strates beautifully the expected photon structure, driven by quantum fluctuation, playing its role 
in di-jet photoproduction. 






CD 
+ 



S 2 



a) 0.2<x,<0.4 

• HI data 
— GRV-7 

GRV-q/7 
- VDM 



CD 
+ 



S 



10 



10 
p/ [GeV'l 



b) 0.4<x^<0.7 

• HI data 

— GRV-7 
GRV-q/7 

— VDM 




10 
Pt' [GeV'] 



Figure 12: A measurement of the P^ (or equivalently E^) dependence of the effective parton density F^ .^ 
of the real photon extracted from di-jet photoproduction for two ranges of x^, a) 0.2 < x^ < 0.4 and b) 0.4 < 



x-f < 0.7; the continuous curve is the expectation assuming QCD LO photon pdfs [[35[|; the dotted curve shows the 
contribution to this GRV expectation from just the quarks in the photon, and the dashed line shows the contribution 
from VDM in this model; the measurement is by the HI experiment at HERA [p4[]. 



Unlike measurements of F^ 



in 67 DIS where the probe only couples to quarks, F^ .^ is 



directly sensitive to the gluon density in the photon. Figure O shows a measurement of the 






dependence at factorisation scale 74 GeV which spans a large range of x^ [52|. The rather 



featureless x— dependence above Xy = 0.2, which is characteristic of the 67 DIS measurements 
of F2 and which is driven by 7 ^ gg splitting, is observed. However at low x.y there is a 
sharp rise of F^^^^ because of the contribution of gluons. There is thus evidence that photon 
structure carries with it a gluon content which grows in a manner similar to that observed in 
proton structure at low— x [|]]. This is expected in pQCD, as is clear from the contributions to 
F2 in figure ^involving gluons at higher order, and from the incalculable "hadron" contribution, 
which, if it is indeed VMD, will have a growing gluon density much like that of the proton with 
increasing factorisation scale M\. 



What is also clear from the dependence on factorisation scale in figure [TJ is the reach of 
di-jet photoproduction measurements at HERA. This highlights how, when more data are taken 
by the HERA experiments, they will probe with precision a new domain of photon structure 
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Figure 13: A measurement by the HI experiment at HERA [ttTj] of the x^ dependence of the effective parton 
density FZ ^f of the real photon extracted from di-jet photoproduction; the curves superimposed are the expectation 
from the QCD LO GRV92 parametrisation of photon structure [B5]|. 



beyond 1000 GeV^ factorisation scale. Already there are strong hints from first measurements 
of the cross section for di-jet production at the highest Ex that models built on analyses of 
photon structure from presently available data are not adequate. Figure |n| shows expectations 
compared with measured cross sections, where it can plainly be seen that the predictions under- 
shoot the resolved photon contribution over much of the measured phase space [E 



The Q^ dependence of F^ ,^ is shown in figure |T5] [0. The substantial increase in kine- 
matic reach of di-jet photoproduction measurements compared with DIS measurements of vir- 
tual photon structure (figure |8|) shows clearly how, as already noted (section [2. 2. 3D , the VMD 
contribution (in its commonly accepted theoretical estimate - Rho pole) quickly dies away with 
decreasing photon size so that beyond Q^ ~ 3 GeV^ only the perturbatively calculable con- 
tribution in equation |T^ survives. This is a remarkable result. For the first time one sees the 
evolution of hadronic structure from a region {Q"^ = GeV^) where through VMD the size 
of the hadronic system is that which is typical of hadrons, namely 1 fm, and where pQCD 
inevitably fails, to a region (Q^ ~ 45 GeV^) where the hadronic system has dimension oc ^ 
(equation ^ of about 0.03 fm and where pQCD can provide a complete prediction. Understand- 
ing this evolution is crucial to understanding in QCD the transition between hadronic physics 
which can be calculated perturbatively - jet/parton dynamics, and hadronic physics which re- 
quires a non-perturbative approach despite the fact that the degrees of freedom are still those of 
asymptotically free partons - hadron valence structure. De facto this in turn will quantify the 
evolution of the colour dipole which in some approachs can form a basis of an understanding of 
low— a; electron-proton DIS, and thereby will help to elucidate the distinction between effects 
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Figure 1 4: A measurement of the cross section da/dr] for di-jet production as a function of t] of the more ener- 
getic jet for different ranges of transverse energy Et', the measurement is by the ZEUS experiment at HERA [53 1; 
the filled data points are selected as predominantly resolved interactions and the open data points as direct inter- 
actions following an x-y based selection; shaded area shows the systematic uncertainty due to calorimeter energy 
scale; the thin(thick) curves show the expectations for direct(resolved) contributions in a NLO calculation follow- 
ing the same x^ based selection. 



due to proton structure and effects due to the transition in QCD between soft and hard hadronic 
physics [^. 

Furthermore, though the present precision of the measurements is limited (figure |T5]), it is 
already clear that QCD predictions of the structure of a virtual photon with space-like mass 
squared above about 30 GeV^ may well undershoot the measurements. Better precision is re- 
quired, and will come. 



2.3.6 Summary 

Measurements of jet electroproduction at HERA, and their interpretation in terms of real and 
virtual photoproduction of jets, confirm the simple picture of photon structure first identified 
in 67 DIS, and make possible measurements of this structure over a substantially wider kine- 
matic range. In so doing they demonstrate the validity of a factorisable structure which can be 
assigned to a photon, both real and virtual. The kinematic reach of these HERA measurements 
far outstrips that of present e+e^ experiments at LER 
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Figure 15: The Q^ (target mass squared) dependence of the effective parton density Fj .^ (see text) measured 
in the electroproduction of di-jets for different x^ at a factorisation scale of P^ — 85 GeV^; theoretical curves are 
shown as follows: SAS-ID, SAS-2D [^ and GRV-DG(lj = 0.1) [|5|| are parametrisations of photon structure 
based on QCD analyses of DIS ej measurements of nearly real (mass-less) photons; Rho pole shows the contri- 
bution expected from VMD (or HAD) contributions if dominated just by the p(770). The decrease of F^'^f by a 
factor of 2 or 3 at low Q^ is clearly attributable to the demise with photon size of VMD, and the persistence of 
^opdt °'^'^ '^° large Q^, that is small size, to pQCD contributions. 



3 Conclusion 



Photon structure has always been central, either implicitly or explicitly, to major steps in our 
understanding of the physics of short distances and times. Its influence in Particle Physics 
stems from the discovery of the positron, the development of QED, and the impact of quantum 
fluctuation on the behaviour of otherwise point-like quanta. Latterly this has taken the form of 
a means of testing QCD by probing the spatially extended structure of the photon (7) due to 
hadronic fluctuation. 

A simple picture emerges of a factorisable hadronic structure of the photon which is driven 
by quark-antiquark (qq) pair production and chromodynamics. The characteristic features of 
the structure function of the photon F^ are a logarithmic growth with increasing factorisation 
scale and a relatively featureless and slightly rising dependence on Bjorken— x. The former is 
attributable to the splitting function Vq/^ in QCD. The latter can be understood in terms of the 
competing influences of the rising x— dependence in perturbative QCD of Vg/y and the falling 
X— dependence of a VMD contribution, which is to date incalculable in QCD and which is 
interpreted as being due to soft hadronic fluctuation of the photon to vector mesons. 

However this picture continues to pose a serious challenge to QCD because it relies on phe- 
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nomenology and is thereby quantitatively incomplete. This challenge may well be met with the 
symbiosis of QCD theory and improving measurements of the structure of increasingly compact 
photons. Here the presence of two hard scales, that of the probe and that of the target, facilitates 
QCD calculation. This in turn may lead to new phenomena and insight as the short-distance 
properties of the QCD fluctuation of virtual photons are forced to ever smaller dimension and 
are probed with ever greater precision. 
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